Protein conformational change is of central importance in molecular biology. Here we demonstrate a computational approach to characterize the transition between two metastable conformations in all-atom simulations. Our approach is based on the finite temperature string method, and the implementation is essentially a generalization of umbrella sampling simulations with Hamiltonian replica exchange. We represent the transition pathway by a curve in the conformational space, with the curve parameter taken as the reaction coordinate. Our approach can efficiently refine a transition pathway and compute a one-dimensional free energy as a function of the reaction coordinate. A diffusion model can then be used to calculate the forward and backward transition rates, the major kinetic quantities for the transition. We applied the 
INTRODUCTION
Conformational changes in biomolecules such as proteins are of central importance in molecular biology. For many proteins such as membrane transporters, conformational changes are indispensable steps in their functioning cycles. In the typical two-state model, a protein has two alternative metastable conformations and may make spontaneous transitions between the two conformational states in equilibrium. The forward and backward transition rates are the major quantitative properties of the transition, and the ratio of the two rates also determines the equilibrium probabilities of the two conformations. Because conformational transitions are rare random events and occur very fast in comparison to the much longer times spent in each metastable state, they are normally difficult to directly detect in experiments. All-atom molecular dynamics (MD) simulations are a powerful tool to reveal detailed mechanism in protein systems.
As a visionary leader in this field, Klaus Schulten pioneered the innovative applications of MD simulations to tackle many interesting biophysical problems. 1 Naturally, the MD technique also has the potential capability to elucidate protein conformational transitions.
Ideally, sufficiently long MD simulations, in which a large number of transitions between the two conformational states occur spontaneously, can reproduce the equilibrium ensemble of the protein and reveal all thermodynamic and kinetic properties of the conformational transition.
Unfortunately, although this straightforward approach is conceptually simple and robust, it requires extremely long simulation times in practice. Even with the most powerful computational resource nowadays, the currently affordable simulation times are only sufficient for systematically characterizing small proteins with relatively fast transition rates. 2, 3 Nevertheless, 5 approaches to refine the conformational transition pathway by such simulations, and apply the techniques to elucidate the transition of a side chain flipping in the Mhp1 transporter.
Mhp1 is a bacterial secondary transporter that cotransports Na + ions and hydantoin molecules. 21 High-resolution crystal structures [22] [23] [24] are available for two major conformational states of Mhp1: the outward-facing (OF) and the inward-facing (IF) conformations. Several MD studies [23] [24] [25] [26] [27] [28] were reported for the dynamics and conformational changes of Mhp1. In our recent attempt to characterize the transition between the OF and the IF conformations of Mhp1, we identified two inter-helical loops that exhibit slow transitions in their secondary structures. 29 Since then, we have identified another slow degree of freedom involving local structures: the flipping of the side chain of Phe305 in TM8. As shown in Fig. 1 , the phenylalanine side chain is in the interior cavity on the extracellular side of the protein in the OF structure 22 but points outward in the IF structure 23 . Our previous equilibrium simulations 29 indicated that the positions of Phe305 in the respective crystal structures are quite stable, without undergoing any spontaneous flipping. In a preliminary simulation when we drove the protein backbone (by restraints) from the OF to the IF state, the Phe305 side chain did not flip either, and thus always remained in the interior cavity. In the end of this simulation, consequently, even though the protein backbone was similar to the target IF crystal structure, the Phe305 side chain did not reach the correct position. Furthermore, this side chain appears to have an effect on the stability of the protein, especially for the IF conformation with the extracellular cavity largely closed, because the cavity with the Phe305 inside would be too crowded. According to these findings, the flipping of the Phe305 side chain is a necessary step in the complete conformational transition of Mhp1, but the spontaneous flipping would be very rare within typical MD times.
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When all heavy atoms of Mhp1 were subject to the restraints in our previous targeted molecular dynamics (TMD) simulations 29 , the Phe305 side chain was indeed enforced to flip.
Particularly, in the TMD simulation 29 that drove the protein from the OF to the IF conformation, the Phe305 side chain was flipped to the outside before all other major changes in the protein conformation started. Reversely, in the IF-to-OF TMD simulation 29 , the flipping of the side chain into the interior cavity occurred after all other major changes had completed. Therefore, both TMD simulations 29 consistently indicated that the flipping of the Phe305 side chain is the first step in the OF-to-IF transition. In this study, we apply our method of umbrella sampling with
Hamiltonian replica exchange 20 to characterize the transition between the OF state and a metastable state denoted as OF ' in which the side chain of Phe305 is located outside of the interior cavity (see Fig. 1 ).
THEORY AND METHODS
In this section, we first formulate the general theory and techniques to calculate the conformational free energy and the transition rates. We then describe our MD simulations for the transitions between the OF and the OF' conformations of the ligand-free Mhp1 protein.
Coarse coordinates and configuration space
In general, protein conformations are described by some chosen "coarse coordinates", which can be either Cartesian coordinates or collective variables 13 . Suppose N such coarse coordinates are chosen, collectively denoted by an N -dimensional vector 
where B k is the Boltzmann constant. In principle, the equilibrium probability ( )
.., and the free energy ( )
can be directly obtained from sufficiently long unbiased simulations, although in practice the affordable simulation times are normally far from sufficient.
The conventional string method 13 was designed to calculate the values of ( )
on a pathway that connects two regions in the configuration space, each corresponding to a metastable conformation.
We note that in almost all enhanced sampling techniques such as the string methods, the bias is applied on the chosen coarse coordinates only. Other degrees of freedom not represented by the coarse coordinates will not be facilitated by the enhanced sampling, and consequently a proper sampling of those degrees of freedom relies completely on spontaneous relaxation. If some of the unrepresented degrees of freedom involve infrequent transitions between multiple states, they may suffer poor sampling within the simulation time, thus resulting in hysteresis. 29, 30 Therefore, it would be preferable to select a relatively large number of coarse coordinates, as in 8 many applications of the string methods [12] [13] [14] [15] [16] , to reduce the risk of ignoring slow and relevant degrees of freedom.
One-dimensional free energy as a function of curve parameter
As mentioned earlier, the conventional string method 12, 13 
Without loss of generality, we further assume that the curve is parameterized such that the magnitude of the derivative above is a constant L at any α :
9 Such uniform parameterization ensures that the arc length is a linear function of the curve parameter:
We may project any point X  in the configuration space onto the given curve ) ( cur α X  by applying an operator α P :
The operator takes X  as the input and returns the value of the curve parameter α that corresponds to the point on the curve with the shortest distance to X  . We assume that the curvature of the curve is sufficiently low, such that the projection of any point in the accessible space (i.e., regions with nontrivial probabilities in the configuration space) onto the curve is unique, and that an infinitesimal change of X  will not result in a finite jump in
. By such projection, any protein conformation can be mapped to a single value of α , and the curve parameter α can be used as the reaction coordinate for the conformational transition. We may thus take α as a single random variable and define its probability distribution ) (α p in the equilibrium ensemble, which corresponds to a 1D free energy:
Whereas the conventional string method 12, 13 calculates the multidimensional free energy For the typical scenario of a two-state transition, the profile would feature two valleys (local minima) separated by a barrier. The equilibrium probability of each metastable conformation can also be directly obtained from ) (α G .
Umbrella sampling along a curve
As mentioned earlier, the finite temperature string method could be implemented in simulations in which the coarse coordinates X  are constrained at hyperplanes 14 or confined in Voronoi cells with reflective boundaries 15, 16 . Alternatively, similar to some previous studies, 18 we recently adopted an implementation 19 based on the umbrella sampling with Hamiltonian replica exchange 20 to calculate ) (α G . This approach is described below.
As in the typical umbrella sampling, our method employs a set of M simulations, or M umbrella windows. The simulation in each umbrella window is subject to a biasing potential that restrains the reaction coordinate α to the vicinity of a reference value. Typical umbrella potentials on the reaction coordinate are of the harmonic form:
in which α K is the spring constant, and 
The harmonic biasing potentials above are very common in the umbrella sampling. In our case, however, the exact evaluation of ) ( X P  α and the gradients requires nonlinear optimization and can be computationally expensive. We therefore invoke a local linear approximation to simplify the implementation of the umbrella potential. Because each window only samples a narrow range of α due to the restraint, we do a linear expansion of the curve near the reference
We further denote
as the reference point on the curve for window i , and define
as the curve direction at
, in which L according to Eq. 3 is the magnitude of the derivative and is a constant given the uniform parameterization of the curve. Therefore, i r is a unit vector:
With the definitions above, Eq. 8 may be written as
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Eq. 12 represents a straight line passing through
Under this approximation, the projection )
becomes a linear operation, and the point on the line with the shortest distance to X  is:
In comparison to Eq. 12, the projection operator can then be evaluated as
The umbrella potential in Eq. 7 thus becomes [ ]
in which
can be taken as the spring constant on the coarse coordinates. From the trajectories of simulations under these restraints, the free energy ) (α G can be calculated using the weighted histogram analysis method (WHAM). 30, 31 One could also implement Hamiltonian replica exchange 20 in these simulations to enhance the sampling efficiency.
Unlike the restraints in the conventional string method which depend on the distance 
Iterative refinement of transition pathway
The umbrella sampling above requires a predetermined pathway curve. In practice, however, a proper transition pathway is not known a priori, and has to be gradually refined from some rough initial guess. Specifically, starting from an initial pathway, we may take M uniformly spaced The procedure of pathway refinement here is similar to a previous application 33 of the conventional string method. There is a major difference, however, in that the restraints 33 in the conventional string method are applied on all components of the coarse coordinates and will thus restrict the deviation of
. In contrast, the 1D restraints here do not impose 14 restrictions on the directions perpendicular to the curve, thus allowing full relaxations along those directions. Consequently, the transition pathway is expected to evolve faster over the iterations toward the converged curve.
As discussed earlier, we take the curve parameter for the transition pathway as the reaction coordinate for the transition. We note that in principle, the ideal reaction coordinate should be directly related to the committor. 34 Here we do not seek to identify the perfect reaction coordinate, and we will consider it satisfactory as along as the calculations based on the pathway curve could reasonably predict the thermodynamics and kinetics of the transition. We also note that the minimum free energy pathway in the conventional string method 13 has the requirement that in the Cartesian space of the underlying atomic coordinates, the tangent direction of the curve should be parallel to the mean force. 13 We do not impose this requirement for the transition pathway here. In fact, the pathway curve in our method merely serves as a projection reference such that the accessible configuration space can be mapped to a single reaction coordinate; the curve itself does not need to closely represent the trajectories of typical spontaneous transitions in the configuration space. 
Calculation of transition rates based on a diffusion model
Although the free energy describes the thermodynamics of the protein conformations, it
is not sufficient to determine the kinetic rates of the transition. Because the protein dynamics can be reduced to the time evolution of a single reaction coordinate α , we may describe the conformational transitions as a 1D diffusion along the reaction coordinate, quantified by the diffusion coefficients
could depend on the value of α , analogous to the position-dependent diffusion coefficients for real particles. The diffusion coefficients can be estimated from the umbrella sampling simulations under harmonic biasing potentials.
Specifically, from a single simulation with α restrained in a narrow range, the local diffusion coefficient can be calculated as
in which ) var(α denotes the variance of α , and τ is the autocorrelation time constant for the equilibrium trajectory
under the harmonic potential:
with
Suppose we have uniformly recorded n data points with a time interval t ∆ from a simulation trajectory
with a total length t n T ∆ ⋅ = , and denote these data as )
If the autocorrelation function (as in the integrant of Eq. 19) vanishes at a time scale much shorter than T , the time constant τ can be evaluated as
where
is the average of the data from the trajectory, and its variance ) var(α can be estimated by block averages. 37 If n is large, the equation can be further approximated by 
in which ) , ( t p α and ) , ( t j α are the time-dependent probability density distribution and the flux along the reaction coordinate, respectively.
At equilibrium, the net flux is clearly zero everywhere, and the equilibrium probability distribution is given by Eq. 5. To calculate the transition rates, however, here we only focus on those systems in the transition region which have most recently visited state A rather than state B. For such systems in the equilibrium ensemble, there exists a stationary flux from A to B despite the time-independent probability densities. In fact, this constant flux is equal to the rate ( 0 k ) of spontaneous transitions from A to B in the equilibrium ensemble. The rate can thus be calculated from the stationary solution of Eq. 22 under proper boundary conditions, resulting in
. (23) Similarly, the rate of spontaneous transitions from state B to A is also equal to 0 k in the equilibrium ensemble. Scaled by the equilibrium probabilities A P and B P (Eq. 17), the forward and backward transition rates are then
Therefore, the major kinetic constants for the transition, 
Details of Mhp1 simulations
Simulation system. The protein in our simulation consists of residue 13 to 470 in Mhp1, with the initial OF structure taken from PDB 2JLN 22 . We adopted the standard protonation states at pH 7 for all residues, with all His residues protonated at the ε position. The protein was embedded in a bilayer of 184 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
lipid molecules, and solvated by 13,060 water molecules. Five Cl -ions were added to render the system electrically neutral. The entire system consists of 69,342 atoms in total. This setup is similar to the one in our earlier study.
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Simulation protocols. All simulations were performed under the periodic boundary conditions and using the CHARMM (Ver. c36) force field for the protein (with the CMAP correction) [38] [39] [40] and lipids 41 , the TIP3P water model 42 , and the NAMD2 (Ver. 2.11) program 43 , with a time step of 2 fs. All bond lengths involving hydrogen atoms were constrained using the SHAKE 44 and SETTLE 45 algorithms. We adopted a cutoff distance of 12 Å for nonbonded interactions, with a smooth switching function taking effect at 10 Å. Full electrostatics was calculated every 4 fs using the particle-mesh Ewald method 46 . A constant temperature of 300 K was maintained by
Langevin dynamics with a damping coefficient of 0.1 ps -1 . A constant pressure of 1 atm was achieved using the Nose-Hoover Langevin piston method 47 , with the size of the periodic box allowed to fluctuate but the lengths in x and y kept equal to each other. In the equilibrated systems, the periodic box has dimensions of ~82 Å × ~82 Å × ~100 Å.
Coarse coordinates. To describe the transition of the Phe305 side chain, we chose the C4 atom (i.e., the distal carbon atom in the phenyl ring) of that residue as a representative atom. Because
Met178 has major interactions with Phe305, we also included the Cγ atom (which is bonded to the Cβ and the sulfur atoms) in the Met178 side chain as a representative atom. In addition, we took the backbone Cα atoms of some nearby residues, namely, residues 168-184 in TM5 and residues 296-325 in TM8, as representative atoms as well. We therefore applied additional restraints to prevent major changes in the EL4 loop structure in all simulations here. Specifically, flat-bottomed harmonic potentials with spring constant 0.1 kcal/mol/degree 2 were applied to keep the backbone ϕ angles of Gly292 and Gly293 within the range from 10° to 180° and the ϕ angle of Val294 within the range from -180° to -10°, in consistence with their values in the OF state 22 . These restraining potentials are zero if the torsions are in the specified ranges and only act on the torsions when they deviate from those ranges.
Pathway refinement. As described earlier, the refinement of the transition pathway is performed in iterations. In each iteration, a pathway curve is fitted 19 through the average coarse coordinates from the simulations in the previous iteration. Then a set of umbrella sampling simulations along the pathway is carried out, thus generating new average coarse coordinates for fitting the pathway in the next iteration. In this study, we employ M = 64 windows in the umbrella sampling. The applied umbrella potential in each window is in the form of Eq. 15, with the spring constant K = 0.3 kcal/mol for the coarse coordinates. The first and last umbrella windows, however, are treated differently and are subject to half-harmonic potentials instead, thus allowing unbiased sampling beyond the two ends of the curve. Hamiltonian replica exchange 20 was implemented to facilitate convergence in the umbrella sampling, allowing the swap of two simulations that sample adjacent windows, as similarly done in our previous studies 19 . We performed eight iterations of the pathway refinement, each of which was run for 5 ns per umbrella window, followed by one more iteration with 10 ns per window.
Production run.
After the iterative refinement and equilibration above, we performed a last round of longer simulations to calculate the free energy along the final pathway. The simulation setup, with umbrella sampling and Hamiltonian replica exchange 20 , was identical to that in the pathway refinement described above, except that each umbrella window was simulated for 100 ns here. Trajectories of the last 80 ns were used in WHAM 26, 27 to calculate the free energy.
Because the calculation of diffusion coefficients based on Eq. 18 is only valid for continuous trajectories, we further extended the umbrella sampling simulations by another 5 ns without the Hamiltonian replica exchange.
Unbiased simulations at the barrier top. After the peak ( * α ) of the free energy profile was identified, we carried out unbiased simulations starting at * α to evaluate the quality of the reaction coordinate and to estimate an effective local diffusion coefficient. Specifically, we first took 10 frames from the trajectories of the umbrella windows that sampled the vicinity of * α .
For each frame, we restrained the reaction coordinate at * α in a simulation of 1 ns, using a strong harmonic potential in the form of Eq. 15 with K = 10 kcal/mol. From its trajectory, we then took 10 snapshots for the coordinates and velocities of all atoms in the system. A total of 100 such snapshots were thus obtained from the 10 restrained simulations above. Next, we generated a "conjugate" for each snapshot by copying the coordinates and inverting (i.e., changing the sign of) the velocities for all the atoms. We thus have a total of 200 snapshots, or 100 pairs of conjugate snapshots with identical coordinates but opposite velocities. Using these snapshots as the initial coordinates and velocities, we carried out 200 independent simulations, each of which lasted for 1 ns and was completely unbiased without any restraints.
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RESULTS
As described in Methods, we implemented the finite temperature string method in the form of umbrella sampling with Hamiltonian replica exchange 20 to characterize the flipping transition of the Phe305 side chain in Mhp1. The transition pathway for these simulations connects the OF and the OF' states (see Fig. 1 ). In the OF state, the Phe305 side chain is in the interior cavity and surrounded by other hydrophobic residues such as Leu175, Met178 and Phe267, whereas in the To make transitions between the OF and the OF' states, the Phe305 side chain needs to go from one side of Met178 to the other. On some hyperplanes, there appears to be two different conformational modes, with the side chain of Phe305 "below" or "above" Met178 (see Fig. 2 A θ value much larger than 1 would indicate a major inconsistency between the two histograms. 30 As shown in Fig. 3C , the θ values for our histograms are all below 1, thus reporting no anomaly. Therefore, our results for ) ( 0 α G appear to be consistent and accurate.
The calculated ) ( 0 α G above is directly related to the equilibrium probability distribution of the reaction coordinate α . However, as discussed earlier, a portion of the probabilities in the barrier region results from false transition states which cannot directly evolve to the OF state due to the wrong side chain mode. To discount these false transition states, we made a correction for the free energy in the barrier region:
The barrier in the corrected free energy ) (α G (Fig. 3A, solid line) is thus related to the equilibrium probabilities for the true transition states (i.e., conformations with the proper side chain mode). The correction not only increased the barrier height, but also modified the barrier location, with the peak at * α = 0.61 for the corrected free energy.
The local diffusion coefficients at each umbrella window, as shown in Fig. 3B , were calculated from umbrella sampling simulations (of 5 ns each) without Hamiltonian replica exchange, as described in Methods. These data points were averaged into a smooth curve representing the position-dependent diffusion coefficients (Fig. 3B) does not exhibit significant variations across the range of α in this case, implying that a constant diffusion coefficient would probably be sufficient to describe the transition.
Because the dynamics at the barrier top * α is a major determinant for the kinetic rates of the transition, we released the system at * α in 200 independent unbiased simulations and observed their free evolution over a simulation time of 1 ns, as described in Methods. The initial coordinates of these simulations were chosen such that the side chains were not in the false In principle, from the free evolutions starting at the barrier top, one could compute the transmission coefficient 48 and subsequently the transition rates. 48 However, some of the 200 simulations here still stayed near the barrier region without fully committing at the end of 1 ns.
We also observed re-crossing of the barrier in several simulations. These observations suggest that the barrier crossing here is diffusive and the transmission coefficient would be very small.
Consequently, a direct calculation of the transmission coefficient would bear very large statistical errors. Instead, it appears to be more feasible to characterize the transition kinetics by a diffusion model. As discussed earlier, the calculated diffusion coefficient along the reaction coordinate α does not exhibit large variations across the entire sampled range. Therefore one could reasonably assume a constant diffusion coefficient D for the transition, and the 200 26 unbiased simulations can be used for a better estimate of this effective diffusion coefficient. 36 Specifically, given any value of D , we can numerically solve the Smoluchowski equation (Eq.
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) to obtain the probability distribution of α after a free evolution of 1 ns from * α . We then identify the D value that gives rise to the optimal match between the predicted distribution and the actual histogram of α over the last frames of the 200 simulations. 36 In our case the best-fit value is 13 /µs for the diffusion coefficient, as shown in Fig. 3B (dashed horizontal line) , which is smaller by roughly a factor of 4 than the average diffusion coefficient calculated from the simulations with harmonic restraints. The constant diffusion coefficient obtained from the unbiased simulations here was adopted in the rate calculations below, as it better describes the observed dynamics at the barrier top.
With the free energy ) (α G and the effective diffusion coefficient D obtained, we then 
DISCUSSION
In this study, we demonstrated a practical approach, based on the finite temperature string method, to obtain a pathway and a 1D free energy for transitions between two metastable 27 conformations. The transition pathway is a curve in the configuration space formed by coarse coordinates, and the free energy is a function of the curve parameter that serves as the reaction coordinate for the transition. Our approach is a natural generalization of the well-established 1D umbrella sampling technique to the problem of sampling along a curved pathway. 18 The method is conceptually simple and practically convenient to implement. More importantly, many useful tools for the traditional umbrella sampling, such as Hamiltonian replica exchange 20 and error analysis 30 , become directly applicable here to improve the efficiency or to detect potential sampling problems such as hysteresis 30 . Furthermore, once the protein dynamics can be mapped to the time evolution of the reaction coordinate, we may employ a diffusion model to calculate the forward and backward transition rates, which are the major kinetic quantities to describe the transition. The approach here should be generally applicable for elucidating transitions between known protein conformations.
We applied our approach to characterize a side chain transition in the Mhp1 transporter, and obtained a transition pathway and a 1D free energy from the umbrella sampling simulations with Hamiltonian replica exchange 20 . The free energy describes the equilibrium probability distribution (see Eq. 5) when the entire protein conformation is mapped to the single reaction coordinate. In the meantime, some highly distinct conformations, such as the two side chain modes discussed earlier, may be on the same hyperplane and mapped to an identical value of the reaction coordinate. In our case here, some conformations apparently at the free energy barrier are actually false transition states and are not on the pathway of real transitions. These observations indicate that our chosen reaction coordinate is not a perfect one. In retrospect, incorporating the orientation of the Met178:Cγ-Phe305:C4 vector into the coarse coordinates would help define a reaction coordinate that better distinguishes the true transition states. In this 28 study, alternatively, we chose to identify and exclude the false transition states through a posterior analysis of the simulation trajectories. Exclusion of those false transition states resulted in an improved free energy which better describes the equilibrium probabilities of real transition intermediates in the barrier region. Free dynamics at the identified barrier top after the correction verified that the conformations there are reasonable transition states, as a number of reactive trajectories can indeed be produced by releasing the system in a pair of unbiased simulations with opposite atomic velocities. Finally, with a diffusion coefficient estimated from the unbiased simulations, the kinetic rates for the transition were obtained from the diffusion model. We note that the collective simulation time in this study is about 10 µs, much shorter than the millisecond sampling times required to observe spontaneous transitions in this system, thus demonstrating that our approach can be much more efficient than straightforward simulations.
The finite temperature string method was originally implemented in simulations with the reaction coordinate constrained at constant values. 14 Recently, simulations in non-overlapping Voronoi cells 15, 16 have become a more common implementation of the method. When the principal curve 15 in this method is sufficiently straight, the confinement in a Voronoi cell is similar to applying a flat 1D potential that rises to infinity at the two boundaries. If the reaction coordinate is sufficiently good to ensure fast equilibration of all orthogonal motions such that the time evolution of the reaction coordinate can be considered a Markov process, the simulations in the Voronoi cells could directly provide not only the thermodynamics of the conformational space, but also the transition rates 49 . In contrast, our 1D umbrella sampling with harmonic restraining potentials, as similarly adopted previously, 18 is primarily designed to calculate the equilibrium probabilities, and need to be supplemented with other information such as the diffusion coefficients or the transmission coefficient to further obtain the kinetic rates. In this aspect, our method appears to be less advantageous compared to the Voronoi implementation if a perfect reaction coordinate is adopted for the sampling.
When the reaction coordinate is not perfect, however, our approach can be practically more reliable than the Voronoi implementation. A particular advantage of using overlapping potentials in the umbrella sampling comes from the Hamiltonian replica exchange 20 , which has been demonstrated to accelerate convergence 50 . In our case here, e.g., a single value of the reaction coordinate could correspond to two distinct conformational modes, and spontaneous interconversions between the two modes would be practically impossible if the simulation is confined in a Voronoi cell. Consequently, the simulation will only sample one mode as determined by the initial coordinates, without ever visiting the other mode, and the sampling result will thus bear hysteresis as it depends on the initial condition. In contrast, Hamiltonian replica exchange allowed our simulations to properly sample both modes in the same umbrella window. With the correct thermodynamics obtained, we could then exclude the irrelevant conformational mode and obtain the probabilities of the true transition states. Furthermore, the exchange rates of the replicas could indicate slow equilibration in degrees of freedom orthogonal to the reaction coordinate. 50 In addition, using overlapping umbrella potentials allows one to check the consistency 30 ( Fig. 3C) between the results from neighboring umbrella windows, which could also reveal potential sampling problems 30 .
For complex protein conformational changes, it is challenging to identify all relevant degrees of freedom 29 and normally very difficult to find a perfect reaction coordinate a priori.
Therefore, it is typically not safe to assume fast equilibration for all orthogonal coordinates in the high-dimensional conformational space. In such cases, methods that are more tolerant to somewhat problematic reaction coordinates should be preferable in practice, and it is also 
CONCLUSION
This study concerns rare transitions between two metastable protein conformations. To computationally characterize such transitions, it is vital to incorporate all relevant degrees of freedom into the coarse coordinates representing the conformation. Then the transition pathway can be described by a curve in the configuration space formed by the coarse coordinates. Our umbrella sampling approach presented here could be applied to refine a transition pathway and to calculate a 1D free energy as a function of the curve parameter that serves as the reaction coordinate. The obtained free energy is directly related to the marginal probability distribution that integrates out all degrees of freedom orthogonal to the reaction coordinate, and can predict the equilibrium probabilities of the two metastable conformations. If the transition can be considered a 1D diffusion process along the reaction coordinate, the kinetic rates may also be estimated from the diffusion coefficient and the free energy. for pairs of histograms in adjacent umbrella windows.
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